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Physcomitrella patensPlants live in variable environments in which light intensity can rapidly change, from limiting to excess con-
ditions. Non-photochemical quenching (NPQ) is a regulatory mechanism which protects plants from oxida-
tive stress by dissipating excess Chl singlet excitation. In this work, the physiological role of NPQwas assessed
by monitoring its inﬂuence on the population of the direct source of light excess damage, i.e., Chl triplets
(3Chl*). 3Chl* formation was evaluated in vivo, with the moss Physcomitrella patens, by exploiting the high
sensitivity of ﬂuorescence-detected magnetic resonance (FDMR). A dark adapted sample was compared
with a pre-illuminated sample in which NPQ was activated, the latter showing a strong reduction in 3Chl*
yield. In line with this result, mutants unable to activate NPQ showed only a minor effect in 3Chl* yield
upon pre-illumination.The decrease in 3Chl* yield is equally experienced by all the Chl pools associated
with PSII, suggesting that NPQ is effective in protecting both the core and the peripheral antenna complexes.
Moreover, the FDMR results show that the structural reorganization in the photosynthetic apparatus, re-
quired by NPQ, does not lead to the formation of new 3Chl* traps in the LHCs. This work demonstrates that
NPQ activation leads to effective photoprotection, promoting a photosystem II state characterized by a re-
duced probability of 3Chl* formation, due to a decreased singlet excited state population, while maintaining
an efﬁcient quenching of the 3Chl* eventually formed by carotenoids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Absorption of sunlight for photosynthesis is performed by pig-
ments bound to light-harvesting pigment–protein complexes (LHCs)
associated with the reaction centers (RCs) of the photosynthetic ap-
paratus. Light absorption results in singlet state excitation of the pig-
ments, mainly chlorophylls (Chls). In limiting light conditions, all the
excitation energy is efﬁciently transferred to the reaction centers,
where it is converted into chemical energy. Large antenna systems
are suitable for efﬁcient light capture in limiting light, but they may
represent a problem when light is absorbed in excess with respect
to the capacity of the photochemical turnover. In these conditions,
the excitation energy absorbed by Chls exceeds its use in the photo-
chemistry taking place in the reaction centers, and the 1Chl* popula-
tion in LHCs increases. As a consequence, the probability of inter-
system-crossing (ISC) to the triplet states of Chl (3Chl*), which can
produce 1O2, becomes higher [1,2]. A second mechanism of 1O2; Car, carotenoid; Chl, chloro-
ing; ODMR, optically detected
netic resonance
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l rights reserved.production, due to excess light conditions, takes place at the level of
reaction center, mainly that of photosystem II (PSII) where, owing
to over-reduction of the electron acceptors in the electron transport
chain, charge recombination to the triplet state 3P680 occurs, with
the consequent formation of 1O2 and photo-inhibition of RC [3].
The oxidative stress generated by the absorption of excess light
energy led to the evolution of protective mechanisms targeting the
agents directly responsible for 1O2 production, i.e., Chls in their excit-
ed singlet (1Chl*) or triplet (3Chl*) states [1–5].
The high quantum efﬁciency of photochemistry in limiting light
results in a decrease of ﬂuorescence called photochemical quenching
(qP). Plants present a mechanism active in quenching 1Chl* in PSII
light-harvesting complexes when light energy is absorbed in excess.
This phenomenon, called ‘Non-Photochemical Quenching' (NPQ),
corresponds to a non-radiative deactivation channel for 1Chl* states
[6]. In relation to its time course, most NPQ takes place through a
fast component called ‘energy-dependent quenching’ (qE) or feed-
back de-excitation, but a slower component is also present, called
qI, due, at least in part, to recovery from photo-inhibition [7]. Rapid
induction and relaxation of NPQ are required for plants to deal with
frequent, rapid changes in the natural light environment [8]. A cur-
rent model for NPQ activation in plants is related to acidiﬁcation of
the thylakoid lumen under excess light. The low lumenal pH induces
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of a PSII protein, PSBS. The latter was suggested to be involved in the
light-induced re-organization of the complexes in the membranes,
which switch between light-harvesting and photoprotective states
[9–11]. Recent results indicate that, owing to their NPQ activation,
algae rely on a different LHC-like protein, called LHCSR, as demonstrat-
ed by speciﬁc knockout (KO)mutants in the green alga Chlamydomonas
reinhardtii and in the diatom Phaeodactylum tricornutum [12,13]. How-
ever, LHCSR-dependent NPQ, most probably depends on a different ac-
tivation mechanism, with the protein itself acting as a quencher [14].
Both PSBS and LHCSR are present in the moss Physcomitrella patens
and are active in NPQ [15,16].
NPQ acting on 1Chl* is not the only photo-protection mechanism of
plants. In fact direct deactivation of 3Chl* and 1O2 is constitutively pro-
vided by carotenoids (Cars) closely bound to LHC proteins. 3Chl* states
are quenched by carotenoids by a triplet–triplet energy transfer (TTET)
mechanism [17]. The 3Car* states thus produced, lying in energy below
the 1O2 energy level, decay directly to the ground state by internal con-
version. TTET takes place via an exchange mechanism which depends
on the overlap of the wavefunctions of donor and acceptor. Chls and
Cars must therefore be in close contact for this process to occur, since
transfer efﬁciency decreases exponentially with donor–acceptor dis-
tance. Such close distances are maintained in the LHCs by the protein
moiety which coordinates the pigments. Although chlorophyll-to-
carotenoid triplet transfer has been found to be efﬁcient in several iso-
lated antenna proteins, it is not complete, leaving some unquenched
3Chl* states (18). This incomplete quenching, also proven in intact sys-
tems [19,20], conﬁrms that chlorophyll in the antennas are a potential
source of 1O2.
Unlike the Car/Chl couples belonging to LHCs, the distance be-
tween β-carotene and P680 in the RC of PSII is too large to enable di-
rect quenching of the recombination triplet state, 3P680*. Therefore,
the primary function of carotenes in the PSII reaction centers must
be restricted to direct quenching of 1O2, produced via 3P680* in con-
ditions of photo-inhibition [21].
3Car* and 3Chl* states have been detected in natural photosystems
under illumination by means of zero-ﬁeld optically-detected magnetic
resonance (ZF-ODMR) spectroscopy. The technique is unique in allowing
the assignment of triplet populations to speciﬁc sites, even in intact envi-
ronments. In particular, ﬂuorescence-detected magnetic resonance
(FDMR) has revealed the presence of 3Car* as well as 3Chl* states, be-
longing speciﬁcally to PSI and PSII, not only in isolated pigmen–protein
complexes but also in thylakoids and leaves [19,20,22–25]. At least
three 3Chl* populations assigned to PSII have been detected and charac-
terized in terms of zero ﬁeld splitting parameters and microwave-
induced ﬂuorescence emission dependence. Since these 3Chl* states
have been detected not only in thylakoids but also in intact systems,
such as plant leaves and algal cells [19,23], they do not appear to be
due to nonspeciﬁc 3Chl* belonging to damaged photosystems.
Although 1Chl* quenching has been widely studied in NPQ condi-
tions by detection of ﬂuorescence as an indirect probe, until now
3Chl* states have been monitored only in dark adapted samples,
thus in conditions where no NPQ response was induced. Therefore
it is not known whether the “quenched” state of the light-
harvesting system, which maintains the level of the 1Chl* state pop-
ulation low, is also characterized by a low 3Chl* state yield in all the
LHCs. In fact the structural rearrangements following the NPQ activa-
tion could lead, in principle, to the formation of 3Chl states in new
local traps due to modiﬁed interactions among pigments inside the
complexes and among LHCs. The exact photo-physical origins of
the quenchers remain the subject of discussion in the NPQ ﬁeld. In-
volvement of: xanthophyll–chlorophyll charge transfer states,
excitonic coupling between chlorophylls and xanthophylls, and, re-
cently, formation of coherent chlorophyll–chlorophyll interactions
with charge transfer character in quenching have been proposed.
Moreover, either aggregation of the light harvesting complexes ordetachment of LHC II has been hypothesized (see ref. [26] for a recent
review).
At the same time, it is not known if the 3Chl quenching ability by
carotenoids, which strictly depends on the molecular requirements
of the Chl/Car couples, is affected by the NPQ-induced structural
changes and extra mechanisms have been developed to efﬁciently
quench 3Chl* states after their formation. In this work, we exploit
the sensitivity of FDMR spectroscopy to answer these questions by
measuring the various triplet state populations of PSII in frozen
“unquenched” (light-harvesting) and “quenched” (photoprotective)
states in the moss P. patens.
2. Materials and methods
2.1. Plant material
Protonemal tissues of P. patens, Gransden WT strain and triple KO
mutants lacking psbs, lhcsr1 and lhcsr2, were grown on PpNH4 medi-
um solidiﬁed with 0.7% plant agar (Duchefa Biochemie). Plants were
propagated in sterile conditions on 9-cm Petri dishes overlaid with
cellophane disks (A.A. Packaging Ltd.), as previously described [15].
Plates were placed in a growth chamber in controlled conditions:
24 °C, 16-h light/8-h dark photoperiod, light intensity 40 μmol photo-
ns m−2 s−1. In all experiments, 7-day-old plants were used. Before
all measurements, plates were dark-adapted for 40 min at room
temperature.
2.2. NPQ measurements
In vivo chlorophyll ﬂuorescence in P. patenswas measured at room
temperature with a Dual PAM-100 ﬂuorometer (Heinz Walz GmbH,
Germany), with saturating light of 6000 μmol photons·m−2s−1 and
actinic light of 830 μmol photons·m−2s−1. The parameters Fv/Fm
and NPQwere calculated as (Fm−Fo)/Fm and (Fm−Fm′)/Fm′. Results
were in agreement with those previously reported for the same kind of
samples and growth conditions [16].
2.3. Sample preparation and treatment
Pieces of tissue were interposed between two plexiglass slides
(0.5×2 cm) separated by a 1-mm wedge to allow location of the tis-
sue and, after addition of a few drops of buffer, ﬁtted into the helix of
the FDMR spectrometer. NPQ was induced by 5 minutes' illumination
with actinic light at 800 μmol photons m−2 s−1, supplied by a 150-W
projector ﬁltered by 5 cm of water. The samples in the helix were di-
rectly illuminated at the entrance of the cryostat and, after 5 minutes'
NPQ induction, were immediately frozen in the cryostat pre-ﬁlled
with liquid helium (see Supplementary material for technical details).
This procedure ensured that the samples were frozen within 15 s, so
that the qE component was only 25–30% relaxed [16].
In the reduced samples, a solution of 30 mM sodium dithionite in
PpNH4 buffer was added in drops to the dark-adapted tissue, and in-
cubated for 15 min. Samples were then illuminated at 800 μmol pho-
tons m−2 s−1 at room temperature for 5 min and ﬁnally introduced
into the cryostat for FDMR measurements. The same procedure had
been used before to obtain the double reduction of QA in PSII particles
and thylakoids. Under illumination at low temperature, formation of
the PSII recombination triplet state was consequently induced [27].
2.4. FDMR measurements
Experiments were performed in laboratory-built apparatus, previ-
ously described in detail [19]. FDMR is a double resonance technique
based on the principle that, when a triplet steady state population is
generated by illumination, application of a resonant microwave elec-
tromagnetic ﬁeld between a couple of spin sublevels of the triplet
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triplet state itself, due to anisotropy of the decay and population rates
of the three spin sublevels. In FDMR experiments, the change induced
in the triplet population is detected as a corresponding change in the
emission of the system [28,29]. For a scheme illustrating the principle
of the ODMR technique see Supplemental data.
Amplitude modulation of the microwave ﬁeld applied is used to in-
crease the signal-to-noise ratio greatly by means of a phase-sensitive
lock-in ampliﬁer (EG&G 5220). Fluorescence, excited by a halogen
lamp (250W) focused on the sample and ﬁltered by a broadband 5-
cm solution of 1 M CuSO4, is collected at 45° through appropriate
band-pass ﬁlters (10 nm FWHM) and detected by a photodiode before
entering the lock-in ampliﬁer.
In the experiments, amplitude modulation frequency and micro-
wave power were chosen depending on the triplet state (Chl vs
Car). The temperature of all experiments was 1.8 K. At this tempera-
ture, spin–lattice relaxation is inhibited and FDMR signals become
detectable.
All FDMR spectra reported in the Results section are presented as
ΔI/I vs microwave frequency, where ΔI is the ﬂuorescence change in-
duced by the resonant microwave ﬁeld and I is the steady state ﬂuo-
rescence intensity detected by the photodiode at the different
wavelengths selected by the bandpass ﬁlter.
3. Results
The aim of this work was to estimate the effect of illumination and
the consequent NPQ activation on the level and location of the triplet
states produced in the photosystems, by comparing the results
obtained in dark-adapted and pre-illuminated tissues of the moss P.
patens. This species was chosen because in addition to the ability to
activate a strong NPQ its tissues disperse light less than vascular
plants, thus facilitating spectroscopic analyses.
Fig. 1a shows the 77-K emission spectrum of P. patens, illustrating
the characteristic Chl a ﬂuorescence bands due to PSI and PSII. Illumi-
nation with measuring light, at low temperature, of dark-adapted
(“unquenched state”) samples, induced the formation of 3Chl* and
3Car* states, which can easily be detected by FDMR. The FDMR spectra
of P. patens, taken at several wavelengths in the range 680–780 nm,
in the microwave ﬁeld region where the |D|− |E|, and |D|+|E| transi-
tions of 3Chl* states are expected, are shown in Fig. 1b. The 2|E|-3.5x10 -5
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Fig. 1. a) Emission spectrum of WT moss P. patens at 77 K, upon excitation at 500 nm. Regio
indicated the bandpass of the optical ﬁlters used in the FDMR detection. b) FDMR spectra o
the microwave ﬁeld region of |D|− |E| and |D|+|E| transitions of 3Chl* states. Amplitude mo
shifted for better comparison.transitions were too weak to be detected, as typically found for
3Chl* states. The spectra are very similar, in terms of shape and de-
pendence on emission wavelength, to those previously reported for
thylakoids of higher plants and algae [19,20]. In the following, we
focus mainly on the triplet state populations detected in the
680–700 nm range, assigned to PSII [19].
Fig. 2 shows the FDMR spectra taken at 690 nm, where all the trip-
let states assigned to PSII are visible [19,20]. Decomposition of the sig-
nals in terms of Gaussian components, performed as reported in refs.
[19] and [20], is shown (parameters fall within the ranges indicated in
Table 1). Three different 3Chl* populations, with |D|− |E| / |D|+|E|
transitions at 727/948, 737/972 and 767/992 MHz respectively,
were found. The ﬁrst two have already been assigned to peripheral
PSII light-harvesting complexes while the third component has been
attributed to the core/RC of PSII [19,20].
Fig. 3 shows the FDMR signals detected at 690 nm (PSII) and
730 nm (PSI) which can be assigned to 3Car* states. In fact, three tran-
sitions with the polarization pattern usually found for 3Car* (intensity
of transitions: 2|E|≫ |D|+|E|>|D|− |E|), and centered at frequencies
typical of carotenoids in plants and algae [22,23] have been detected.
The signals' intensity was maximal at an amplitude modulation fre-
quency of 323 Hz, (vs 33 Hz used for Chls) because of the faster
decay rate (microseconds) of the 3Car*. It should be noted that, al-
though Car are non-ﬂuorescing molecules, their FDMR transitions
may be indirectly detected by monitoring Chl emission, because of
the energy transfer processes (both singlet–singlet and triplet–trip-
let) occurring among Cars and Chls in antenna complexes. A change
in the steady-state population of the 3Car* states, induced by a reso-
nant microwave ﬁeld, is thus reﬂected by changes in the intensity of
the emission of the nearby Chl molecules [23]. The lineshape and res-
onant frequencies of the detected FDMR spectra depend on the detec-
tion wavelength (690 vs 730 nm) and are characterized by several
components. Also in the case of carotenoids, the FDMR spectra show
the clear-cut similarity of spectral features with those previously
reported for thylakoids from spinach and C. reinhardtii [19,20].
The triplet states generated in PSII were then analyzed after 5 min
of high light treatment (800 μE m−2 s−1). This procedure was veri-
ﬁed to be able to induce NPQ, as shown by the kinetics recorded in
the same sample holder used for the FDMR experiments (Fig. 4a).
After 5‐minute illumination the sample was immediately transferred
to the cryostat, where complete freezing occurred in less than 15 s,650 700 750 800 850 900 950 1000
MHz
|D|-|E| |D|+|E|
680 nm
690 nm
700 nm
720 nm
740 nm
n of predominant PSII and PSI emission are respectively indicated. The Gaussian curves
f WT moss P. patens, at 1.8 K, detected at various wavelengths in 680–740 nm range, in
dulation frequency: 33 Hz, time constant 600 ms, number of scans 10. Spectra vertically
640 660 680 700 720 740 760 780 800 820
MHz
FDMR 690 nm
|D|-|E|
|D|+|E|
767
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727
992
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880 900 920 940 960 980 1000 1020 1040 1060
MHz
Fig. 2. Decomposition into Gaussian components of 690 nm FDMR spectra of 3Chl*
states assigned to PSII.
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Fig. 3. FDMR spectra ofWTmoss P. patens, at 1.8 K, detected at 690 nmand 730 nm inmi-
crowave ﬁeld region corresponding to 3Car* state transitions. 2|E|, |D|− |E|, and |D|+|E|
transitions are shown. Amplitude modulation frequency: 315 Hz, time constant 600 ms,
number of scans 10. Spectra vertically shifted for better comparison.
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helium bath in the cryostat (see Fig. S1 Supplementary material).
FDMRmeasurements of light-treated samples are thus representative
of plants a few seconds after switching off the light, whenmost NPQ is
still present (“quenched” state), as shown in Fig. 4a. The FDMR spec-
tra taken at 690 nm, by exciting the sample with the same measuring
light as for dark-adapted samples, are shown in Fig. 4b. Analysis of the
FDMR spectra (Table 1) shows how light treatment induces a pro-
nounced decrease in the intensity of the FDMR signals assigned to
the 3Chl* states belonging to PSII (triplet 737/972 MHz: ~−50%; trip-
let 767/991 MHz: ~−70%, triplet 727/948 MHz: ~−40%). It isTable 1
Decomposition of FDMR spectra detected at 690 nm into Gaussian components.a
|D|− |E| xc
[MHz]
w
[MHz]
A
WT dark
T1 737±0.5 16±0.2 −1
T2 726±0.5 27±0.2 −0.29±0.02
T3 767±0.5 11±0.2 −0.165±0.02
T4 719±0.5 11±0.2 0
|D|+|E| xc
[MHz]
w
[MHz]
A
WT dark
T1 972±0.5 13.6±0.2 −1
T2 948±0.5 29.7±0.2 −0.72±0.07
T3, T4 992±0.5 9.7±0.2 −0.27±0.02
a Parameters refer to the equation: y ¼ A
w
ﬃﬃﬃﬃﬃﬃ
π=2
p
 
e−2
x−xcð Þ2
w2 . The amplitudes of the Gaussian
spectra of WT and KO mutant, respectively, for both the |D|− |E| and |D|+|E| transitions.important to note that the uncertainty of the parameter values in
Table 1 corresponds to the semi-dispersion of the ﬁtting parameters
derived from ﬁve independent measurements. Differences observed
between the sample in the dark “unquenched state” and light-
induced “quenched state” are thus statistically signiﬁcant and not
due to the lack of reproducibility in FDMR experiments. As discussed
in the next section, the changes of the FDMR signals, reported in
Table 1, can be taken as changes of the triplet yields.
After light treatment at room temperature, a new component ap-
pears at about 720 MHz, with a corresponding |D|+|E| component at
992 MHz (overlapping that of the 767/992 MHz triplet) which,
according to the ZFS parameters, can be assigned to the recombina-
tion triplet state, 3P680* [27]. This assignment was conﬁrmed by
comparison with the FDMR spectra of the sample reduced with
30 mM dithionite and illuminated at room temperature before freez-
ing. In fact, in this sample, the main triplet component is 3P680⁎, with
transitions centered at 720 and 992 MHz (Fig. S2 Supplementary ma-
terial). It is worth noting that, although the FDMR signals of the triplet
states assigned to PSII undergo the above-mentioned changes upon
illumination, those assigned to triplet states belonging to PSI are
not affected (Fig. S3 Supplementary material), ﬁtting the concept
that PSII is the major center of regulatory response to light stress
conditions.WT illuminated KO mutant dark KO mutant illuminated
−0.59±0.05 −1 −0.93±0.09
−0.19±0.02 −0.29±0.02 −0.25±0.02
−0.05±0.002 −0.12±0.01 −0.10±0.01
−0.11±0.01 0 −0.10±0.01
WT illuminated KO mutant dark KO mutant illuminated
−0.51±0.05 −1 −0.85±0.08
−0.53±0.05 −0.39±0.04 −0.34±0.03
−0.36±0.03 −0.1±0.01 −0.36±0.03
components have been normalized to the amplitude of the main component of the dark
Fig. 4. a) NPQ kinetics measured for WT (black) and psbs lhcsr1 lhcsr2 KO mutants (red) of P. patens, in same light conditions and sample holder used for FDMR measurements.
b) Decomposition of 690 nm FDMR spectra of 3Chl* states assigned to PSII into Gaussian components (thin lines). Top panels: WT sample, dark-adapted (black) and after NPQ ac-
tivation (red); bottom panels: psbs khcsr1 lhcsr2 KO mutant, dark-adapted (black) and after NPQ activation (red).
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and “light” states were due to NPQ activation, it was essential to ver-
ify their fast reversibility in the dark. After induction of NPQ (pre-illu-
mination at room temperature for 5 min) samples were therefore
dark-adapted for a further period of 10 min at room temperature be-
fore being frozen for FDMR measurements. In this case, most NPQ,
and in particular its fast component qE, is expected to be relaxed. In-
stead, accumulation of zeaxanthin and photo-inhibition, which re-
quire several minutes or hours to relax (slow component of NPQ;
qI), are still present [30]. Fig. 5 shows that the intensity of the
FDMR signals is fully restored to the original level after 10 min of
dark recovery, the only difference with the dark adapted state being
that 3P680* is still present.
In order to conﬁrm that the observed differences were indeed cor-
related with NPQ activation, the psbs lhcsr1 lhcsr2 KO mutant, which
is unable to activate NPQ (Fig. 4a) [16] was subjected to the same ex-
perimental treatment and analysis. In the dark-adapted (“unquenched”)
state, the FDMR spectra were very similar to those of the wild type, in
terms of intensity and spectral shape, at all detection wavelengths, for
both the 3Chl⁎ and the 3Car* states (data not shown).The effect of light treatment for NPQ activation of the KOmutant is
shown in Fig. 4. In this case, the reduction of the intensity of the sig-
nals, due to 3Chl* states, was less than 15% for all components (see
Table 1 and Fig. 4). In the mutant, as in the wild type, 3P680* is also
produced by effect of the 5-minute exposure to strong light.
It is worth pointing out that the large decrease in the intensity of
the FDMR signals due to 3Chl* states observed in the wild type,
upon NPQ activation, was not paralleled by an increase in the intensi-
ty of the FDMR signals assigned to 3Car* states. Instead, as shown in
Fig. 6, the 3Car* signals show a 50% reduction in the wild type
“quenched” state (and a 15% reduction in the KO mutant), revealing
that NPQ activation also reduce the formation of carotenoid triplets.
4. Discussion
It is well-known that, under illumination, triplet states are popu-
lated in photosystems. The main triplet population is represented
by Cars [31] which constitutively protect the systems, thanks to
their ability to quench 3Chl* states, thus reducing the formation of
singlet oxygen. In spite of the presence of this mechanism, small
180 200 220 240 260 280
ΔI
/I 
(u.
a.)
ΔI
/I 
(u.
a.)
MHz
180 200 220 240 260 280
MHz
a)
b)
Fig. 6. 2|E| FDMR transitions of 3Car* states detected at 690 nm (experimental condi-
tions as in Fig. 3). Top: WT sample dark-adapted (black) and after NPQ activation
(red); bottom: psbs lhcsr1 lhcsr2 KO mutants, dark-adapted (black) and after NPQ acti-
vation (red).
650 700 750 800 900 950 1000 1050
MHz
|D|-|E| |D|+|E|
ΔI
/I 
(a.
u.)
Fig. 5. FDMR spectra of WT moss P. patens, at 1.8 K, detected at 690 nm, showing |D|− |
E| and |D|+|E| transitions of 3Chl* states. WT sample dark-adapted (black thick line),
after NPQ activation (red) and after 10 min of dark adaptation following 5 min of
NPQ induction (thin black line).
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not only in isolated light-harvesting complexes [18,24,25] but also
in intact systems [19,20]. Our FDMR results show that this is also
true of the moss P. patens. In fact, 3Chl* states associated with PSII
and PSI have been detected, and their spectral parameters are very
similar to those characterizing the 3Chl* states of thylakoids from
higher plants and green algae [19,20]. Since the intensity of the
FDMR signals corresponds to a very low level of 3Chl* [19,20], its po-
tentially deleterious effect can still be neutralized, in low light condi-
tions, by the direct quenching of the singlet oxygen operated by
carotenoids and other antioxidant molecules. However, during excess
light exposure, unquenched 3Chl* yield may increase and direct scav-
enging of singlet oxygen may become insufﬁcient, thus leading to ox-
idation damage.
Multiple protection mechanisms are present in plants to reduce
the probability of light induced ROS production. One of them is NPQ
which leads to a “quenched” state of the light-harvesting system,
which maintains 1Chl* state population levels low, as proven by ﬂuo-
rescence measurements. The “nature” of the “quenched” state is still
under debate although some consensus is emerging suggesting that
NPQ activation requires some conformational rearrangements of the
LHCs [7,10,30–32]. It is still not clear, however, how NPQ activation
inﬂuences the 3Chl* formation and quenching in the different PSII
components, in dependence of the conformational rearrangements.4.1. Effect of 1Chl* quenching on 3Chl* formation in the NPQ-activated
state of PSII
The dissipation of 1Chl* states upon NPQ activation is expected to
decrease the 3Chl* formation as a results of the reduction of the sin-
glet state lifetimes, but this has never been directly observed since
NPQ is almost exclusively measured indirectly as ﬂuorescence
quenching. The FDMR results reported above can allow answering
this question.
In fact, although FDMR is not a suitable technique for measuring
absolute values of triplet yield, the change in the ΔI/I ratio measured
in several experimental conditions may be taken as a measure of rel-
ative changes in triplet yield, since it depends on the time constant for
triplet state formation (k2), compared with all other singlet excited
state decay kinetics, according to the following expression (for adetailed semi-quantitative analysis of the FDMR signals, see Supple-
mentary Information):
ΔI=I∝k2= kf þ knr þ k2ð Þ ð1Þ
where kf is the ﬂuorescence time constant and knr the non-radiative
decay rate of the single excited states. When quenching (kQ) of
singlet excited states is activated, ratio ΔI/I is expected to change
according to:
ΔI=I∝k2= kf þ knr þ kQ þ k2
  ð2Þ
Therefore, the observed reduction in the intensity of the FDMR
signals upon NPQ activation (see Table 1) may be explained as an in-
direct consequence of the quenching of excited singlet states, which
leads to reduced triplet yields of all the 3Chl* components assigned
to PSII. This supports the idea that NPQ activity does have a strong in-
ﬂuence on the formation of Chl triplets, thus reducing oxidation dam-
age. “The ﬂuorescence quenching capability of the sample which is
retained after the time required by freezing the sample (about 15 s),
is about 70% of the maximum, because of the fast relaxation of qE.
Since the decrease of the Chl/Car triplet yields, measured at low tem-
perature is about 50%, a temperature activation of the process is likely
to occur.”
It should be noted that, in principle, the observed decrease of FDMR
signals in the “quenched” state could also derive from conformational
changes in the light-harvesting complexes which makes less likely the
ISC for the Chls whose triplet states are populated in the “unquenched”
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modiﬁed exciton distribution. This would produce a direct change in
k2 (Eqs. (1) and (2)) for those Chls. However this hypothesis seems un-
likely, because all the triplet states observed and assigned to different
PSII sites, undergo the same effect (see next point).
4.2. NPQ is effective in protecting PSII but not PSI
FDMR selectivity and sensitivity are unique in the possibility of
assigning 3Chl* and 3Car* states to speciﬁc sites on PSII, i.e., external
LHCs, core antennas and RC, because transitions in the triplet mani-
folds are monitored in terms of induced changes in the ﬂuorescence
of different emitters, selected by the detection wavelength. This al-
lows us to verify whether, in the “quenched” state, conformational
changes are effective in limiting the production of 3Chl* states in all
or only some PSII components.
The results reported above clearly show that, by freezing samples
before relaxation of the qE component of NPQ, a PSII “state” occurs
characterized by a large decrease in the intensity of all FDMR signals
assigned to 3Chl* states belonging to the various PSII components.
This result suggests that NPQ activation is effective in the photo-
protection of the whole photosystem, both the peripheral antennas
and the core complex. It is interesting to note that, instead, Chls be-
longing to PSI are not protected by NPQ as they show a similar
3Chl* yield in the “quenched” and “unquenched” state (see Fig. S3 in
Supplementary material).
It should be noted, however, that the NPQ response does not avoid
the formation of a small amount of 3P680* upon illumination (see Fig.
S2 in Supplementary material), an indication of the photoinhibition of
a small fraction of RCs. A low level of photo-inhibition is also revealed
by ﬂuorescence measurements, showing a NPQ component which is
very slowly relaxed in the dark (qI). Both the qI component and the
3P680* FDMR signal are very similar in WT and KO mutants lacking
psbs, lhcsr1 and lhcsr2, indicating a similar level of PSII RC photo-
inhibition (see Fig. 4a and Table 1). Thus a photoinhibitory effect is
produced independently of the dissipation occurring in the light-
harvesting complexes, as already suggested [33]. This is consistent
with the well-known observation that PSII reaction centers suffer
from photo-inhibition already in dim light because of the highly oxi-
dative species produced [34]. Data presented here conﬁrm that the
main mechanism responding to this phenomenon is D1 repair while
NPQ has little, if any, inﬂuence.
4.3. Effect of NPQ activation on 3Car* formation
Carotenoids provide a constitutive ability to quench 3Chl* via
TTET, but it is not known if this ability is modulated in response to il-
lumination, as a consequence of the structural rearrangements pro-
moted by NPQ activation. The FDMR data presented above, show no
evidence of an increased TTET activity in carotenoids in the
“quenched” state. On the contrary, the intensity of the FDMR signals
due to 3Car* states is reduced after NPQ induction, as a probable con-
sequence of a reduction in the population of 1Chl* states. Our data
clearly show that the structural rearrangements accompanying the
NPQ activation do not create new sites of “unquenched” 3Chl* and
do not promote an increased activity of TTET between Chl and Car.
It is known that zeaxanthin accumulates in conditions of light
stress. Unfortunately, our FDMR measurements do not allow us to
distinguish between the contributions of lutein and zeaxanthin to
3Car* formation, because their molecular structures are not sufﬁcient-
ly different to produce signiﬁcant differences in terms of FDMR spec-
tral parameters (unpublished results). Therefore, to what extent
zeaxanthin contributes to the observed TTET in the samples in
which NPQ is activated cannot be assessed.
The observed reduced propensity to form 3Chl* states in the
“quenched” state, results to be closely correlated with the fastestNPQ component qE, showing a rapid reversibility in 10 min of dark
relaxation. In addition, the KO mutant which has a largely reduced
NPQ response (0.2 vs 2.5 of the WT after 5 min of light irradiation
and 0.2 vs 1.7 after 15 s of relaxation, in the experimental conditions
adopted in this work), shows a similar 3Chl* yield between
“unquenched” and “quenched” states. It should be noted that the
KO mutant can still synthesize zeaxanthin, which may explain the
15% reduction in the 3Chl* states, but in this sample the effect of
NPQ activation on 3Chl* yield was clearly far smaller than in the
WT. In the recent model proposed by Holtzwarth et al. [35] two ener-
getically separated quenching sites are suggested to be present in PSII
after NPQ induction: the so called “Q2” quenching site, dependent on
the formation of Zx, and likely located in the minor LHCs; and the“Q1”
quenching site localized in the major LHC II complexes, which are
functionally detached from the native PS II/RC supercomplex.
According to this model one would expect that the generation of Q1
and Q2 quenching sites affects differentially the Chl triplet
populations assigned to the core and to the LHCII. As a consequence
a different distribution of triplet population, between the light and
the dark adapted state, would also be expected. By contrast in the
WT all the triplet components, including those belonging to LHCII,
show a comparable decreased triplet yield (≈−50%) upon NPQ
induction.
Moreover, in the psbs lhcsr1 lhcsr2 KO mutant, which is depleted in
the PSBS protein, but is still able to synthesize zeaxanthin, one would
expect a preferential decrease of the
T
Chl components belonging to Q2
sites during NPQ. Instead, again, all components are affected at the
same level (−15%) byNPQ induction. It does not seem that we can con-
sider the WT to possess a simply additive (Q1+Q2) quenching effect
with respect to the mutant. On this basis, if two or more distinct
quenching sites are generated upon light treatment, the FDMR results
suggest that they are still energetically coupled.
Although this explanation seems more likely, it is worth noting
that the occurrence of two energetically separated quenching sites
cannot be completely excluded. In fact the presence in the moss Phys-
comitrella of the LHCSR protein might have some, unexpected, effect
with respect to the Arabidopsis for which the model was originally
proposed.5. Conclusions
In summary, in this work we show that the “quenched” state of
PSII is accompanied by a reduced propensity to form both 3Chl* and
3Car* states, most probably as a direct consequence of efﬁcient
quenching of 1Chl* states. This occurs for all the various Chl pools in-
volved in the formation of triplet states in the “unquenched” state of
PSII. In addition, the conformational changes associated with the
“quenched” state do not lead to the formation of new 3Chl* traps in
the LHCs, even at the very low temperature of the experiments. This
indicates that the control of photosystems on 3Chl* formation is
very efﬁcient and that there is no need to increase and modify the ca-
pacity of carotenoids to perform TTET in the “quenched” state.Acknowledgments
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